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Abstract

Many improvements have been made to bring infant formula (IF) closer to human milk (HM) regarding its nutritional and biological properties.
Nevertheless, the protein components of HM and IF are still different, which may affect their digestibility. This study aimed to evaluate and
compare the protein digestibility of HM and IF using the infant INFOGEST digestion method. Pooled HM and a commercial IF were subjected to
the infant INFOGEST method, which simulates the physiological digestion conditions of infants, with multiple directions, i.e. the curd state, gel
images of SDS-PAGE, molecular weight distribution, free amino acid concentrations and in vitro protein digestion rate. HM underwent
proteolysis before digestion and tended to have a higher protein digestion rate with finer curds during gastric digestion, than the IF. However,
multifaceted analyses showed that the protein digestibility of HM and IF was not significantly different after gastrointestinal digestion. In
conclusion, the infant INFOGEST method showed that the digestibility of HM and IF proteins differed to some extent before digestion and after
gastric digestion, but not at the end of gastrointestinal digestion. The findings of this study will contribute to the refinement of IF with better

protein digestibility in infant stomach.
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Human milk (HM) is the ideal food for infants and should be
continuously provided in combination with complementary
foods thereafter'. When HM is inadequate for an infant or
breastfeeding is not possible, a bovine milk protein-based infant
formula (IF) is used as an alternative formulated to have a high
nutritional value'®. However, an increased risk of obesity at 6
years of age has been reported in infants who consumed IF with
high-protein content®. Compared with HM, proteins are
included in higher amounts in IF due to their inferior digestibility
and amino acid (AA) balance®>. Protein intake in the early
postnatal period may influence metabolic activity at 2 years and
older®®; therefore, a difference in protein compositions
between HM and IF should be one of the focuses of attention.
Milk proteins are classified into two fractions, that is, casein (CN)
and whey proteins”®. The CN:whey protein ratio changes
from 10:90 in colostrum to 40:60 in mature HM during lactation,
whereas that of commercial bovine milk is normally 80:20%.
Therefore, commercial bovine milk protein-based IF are

generally formulated with the CN:whey protein ratio adjusted
from 80:20 to 40:60°. However, the characteristics of proteins in
HM and bovine milk are still different. The dominant CN in HM is
P-CN, whereas a,;-CN is dominant in bovine milk. f-lactoglob-
ulin is the most abundant protein in whey proteins of bovine
milk, but the counterpart is absent in HM?. Furthermore, AA
sequences of HM proteins and bovine milk counterparts are
homologous but different to some extents'". These differences
between HM and bovine milk are considered to affect the
digestive trajectories of proteins, as manifested by curd formation
of CN in the stomach proteolysis kinetics, and the resulting protein
digestibility i72 vitro and in vivo experiments'>19 . This has greatly
hampered the ‘humanisation’ of proteins in IF.

In vivo assessment of protein digestibility in animals,
including pigs and rats, has widely been used to date"”'®,
However, these in vivo models are not only expensive, time-
consuming and entail ethical issues but also make the digestive
trajectory difficult to monitor over time. Therefore, there has

Abbreviations: AA, amino acid; CN, casein; HM, human milk; IF, infant formula; MW, molecular weight; TCA, trichloroacetic acid.
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been a need for digestion models that closely mimic the
physiological processes of human gastrointestinal digestion,
which has led to the development of in vitro digestion models as
alternatives to in vivo models"?. In recent years, a series of in
vitro digestion models with different digestion conditions for
adults has been internationally consolidated to the harmonised
INFOGEST method®"?V. Although no protocols are currently
authorised for infants, Menard et al. proposed an in vitro infant
digestion model that mimics the physiological digestion
conditions of infants®?. Recently, the digestibility of protein
ingredients with different degrees of hydrolysis was compared
using the infant digestion model®?. Moreover, the digestibility of
milk from different species such as camels, as well as colostrum
and mature milk from lactating Chinese women, has been
previously studied®*?>. However, HM and commercially available
IF are both complex food matrixes consumed by infants, and they
have not sufficiently been compared in terms of protein digestibility
using an infant digestion model. IFs have been improved by
bringing their macronutrient content closer to that of HM. In
particular, its protein content has been continuously reduced step
by step with caution®. However, there is still room for improve-
ment in the quantity and quality of milk proteins in IFs.

This study aimed to evaluate and compare the protein
digestibility of HM and IF over time using the infant
INFOGEST digestion method by simulating the physiological
digestion conditions of infants. The digesta were compared
based on the curd state, gel images of SDS-PAGE, molecular
weight (MW) distribution and free AA concentrations.
Moreover, in vitro digestion rates of HM and IF proteins were
calculated after fractionating them into digestible and non-
digestible components.

Methods
Samples and chemicals

HM samples were collected from fourteen healthy volunteers
(lactation period: 1-3 months post-delivery). Prior to collection,
nipples were wiped with sterile cotton, and milk was collected in
y-sterilised 50 ml centrifuge tubes to the extent that breast-
feeding was not affected. When a breast pump was used,
subjects were instructed to disassemble and sanitise it and
maintain its cleanliness until use. Some subjects did not use a
breast pump, and the milk was directly collected into the
centrifuge tubes. The timing of milk collection during the day
was not specified. Samples were transferred to our laboratory
and temporarily stored —80°C. The samples were then defrosted,
pooled for each volunteer and aliquoted and stored again at
—80°C until analysis. The Institutional Review Board of the Japan
Clinical Research Conference approved this study (approval
number: BONYU-01), which was conducted in accordance with
the Declaration of Helsinki of 2013. The participants provided
written informed consent for all the procedures related to this
study. A commercially available standard IF (Morinaga Milk
Industry Co., Ltd.) was used for comparison with HM. The IF is a
standard formula (ingredients: lactose, vegetable oil, bovine milk
protein, starch, etc.) with typical nutritional components and can
be viewed as being rationally representing the characteristics of

Table 1. Macronutrients in human milk and infant formula

Human milk* Infant formulat

Energy (kcal/100 ml) 56 67

Protein (g/100 ml)f 1.3 1.3
Fat (g/100 ml) 22 34
Carbohydrate (g/100 ml) 6-8 76

* Energy, fat and carbohydrate contents in human milk are the values measured by the
human milk analyser.

1 Energy, fat and carbohydrate contents in infant formula were analysed by our in-
house quality control department.

1 Protein in human milk and infant formula was measured using the DUMAS method
for nitrogen content and converted using a conversion factor of 6-25.

HM substitutes. The energy, fatand carbohydrate contents of HM
were analysed using the human milk analyzer (MIRIS AB), while
those of the IF were analysed by our in-house quality control
department (Table 1). The nitrogen (N) content of both HM and
IF was determined with the Dumas method using SUMIGRAPH
NC-220F (Sumika Chemical Analysis Service), which was
then multiplied by 6-25 to estimate the crude protein content
(Table 1). Porcine pepsin, pancreatin, gastric lipase and bile
extract were purchased from Sigma-Aldrich (Cat. P7012, P7545,
BCCF2430 and B8631, respectively). Rabbit gastric lipase was
replaced with Rhizopus oryzae lipase and porcine pepsin®!27,
Pepsin, pancreatin, gastric lipase, and bile acid activities were
determined according to the protocol described by Minekus
et al.?”_ Bile activity was measured using the bile acid assay kit
(DiaSys Diagnostic Systems, Cat. 122129990313).

In vitro-simulated gastrointestinal digestion

HM and IF were digested using the INFOGEST method under
infant gastrointestinal digestion conditions at 1 month of age
(Table 2)*?. As permitted by the INFOGEST protocol®”, oral
digestion by a-amylase was skipped due to the short residence
time of HM and IF in the infant’s oral cavity. Simulated gastric
fluid was formulated to include 94 mM sodium chloride and 13
mM potassium chloride at pH 5-3. HM and IF were mixed with
simulated gastric fluid containing enzymes at a ratio of 63:37, and
the pH was adjusted to 5-3. Gastric enzyme activity was set at 19
U/ml for gastric lipase and 268 U/ml for pepsin in the final gastric
fluid mixture. The mixture was shaken continuously at 160 rpm
for 60 min in a water bath equipped with an incubation shaker
(Yamato Scientific). After gastric digestion, gastric chyme and
simulated intestinal fluid were mixed with the enzymes at a ratio
of 62:38, and the pH was adjusted to 6-6. Simulated intestinal
fluid was composed of 164 mM sodium chloride, 10 mM
potassium chloride and 85 mM sodium bicarbonate and was
adjusted to pH 7. Calcium chloride (3 mM) was added to the final
intestinal fluid mixture. Intestinal enzyme activities were set to
90 U/ml for intestinal lipase and 16 U/ml for trypsin in the final
intestinal fluid mixture. The bovine bile extract was added to the
final intestinal fluid mixture containing 3-1 mM bile salts. The
mixture was shaken continuously at 160 rpm for 60 min in a
water bath equipped with an incubation shaker. Enzymes in
each sample were inactivated in a water bath at 90°C for 5 min.
The digesta were freeze-dried using a lyophiliser (FreeZone 4-5,
LABCONCO) and then ground into a fine powder using a grinder
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Table 2. Digestion condition of infant and adult INFOGEST models

Model

Digestion condition Infant* Adultt
Gastric phase

Gastric lipase activity (U mI~") 19 21

Pepsin activity (U mI~") 268 2000

Reaction pH 5.3 30

Reaction time (min) 60 120
Intestinal phase

Bile acid activity (mmol ") 31 10

Pancreatic lipase activity (U ml™") 90 2000

Trypsin activity (U mi™") 16 100

Reaction pH 6-6 70

Reaction time (min) 60 120

* With reference to the physiological digestion conditions of infants, the in vitro infant
digestion model proposed by Menard et al.??).

1 The adult INFOGEST model condition is presented as a reference for the infant
model®"),

(Multi-beads shocker, YASUI KIKAD. The freeze-dried powders
were stored at —25°C until further analysis. A ‘blank’ sample
containing neither HM nor IF was prepared in the same manner
as above.

SDS-PAGE

HM, IF and their digesta were analysed by SDS-PAGE (Bio-Rad
Laboratories) under reducing conditions. Electrophoresis was
conducted at 120 V for 50 min after loading 50 pg of protein
onto a Mini-PROTEAN TGX Any KD gel (Bio-Rad Laboratories).
The gels were stained with Bio-Safe Coomassie Stain (Bio-Rad
Laboratories) for 60 min and then destained overnight in
Milli-Q water.

Size-exclusion chromatography

The MW distributions of HM, IF and their digesta were
determined by size-exclusion chromatography using an HPLC
U3000 system (Thermo Fisher Scientific). HM, IF and their
digesta were diluted with a buffer containing 30 % acetonitrile
and 0-1 % formic acid to 1 mg/ml of protein (before digestion)
and centrifuged at 3000 X g for 30 min to remove the lipid layer.
Then, 20 pg of protein was loaded onto an XBridge BEH125 SEC
column (3-5 pm, 7-8 X 300 mm; Waters, Milford, CT, USA). Size-
exclusion chromatography involved isocratic elution at 40 °C
using 30 % acetonitrile and 0-1 % formic acid as the mobile phase
at a flow rate of 0-8 ml/min. Spectrophotometric detection was
performed at 214 nm. To determine the MW, the following
standards were used: L(—)-phenylalanine (MW 165; FUJIFILM
Wako Pure Chemical Corporation), enkephalin (MW 588;
Bachem Americas), oxytocin (MW 1007; Bachem Americas),
bacitracin (MW 1427; Sigma-Aldrich), insulin (MW 5740;
FUJIFILM Wako Pure Chemical Corporation), chymotrypsino-
gen A (MW 25,000; Pharmacia), ovalbumin (MW 43,000; Sigma-
Aldrich), lactoperoxidase (MW 93,000; Sigma-Aldrich) and
immunoglobulin G (MW 160,000; Sigma-Aldrich). A calibration
curve was constructed by plotting the logarithmic MW of the
standards against their respective elution times. Each total
peak area was integrated and separated into five ranges

(=300, 301-1000, 1001-2000, 2001-3000 and 3001-) and
expressed as a percentage of the total area.

Free aminoacid analysis

HM, IF and their digesta were diluted with Milli-Q water to
2 mg/ml protein (before digestion), and the non-protein
fraction was separated using 12 % trichloroacetic acid (TCA).
The supernatants were passed through a 0-22 pm filter and
analysed using an AA analyzer L-8900 (Hitachi-Hitech) equipped
with an ion-exchange column (2622SC-PF; 4-6 mm X 60 mm;
Hitachi-Hitech). L-8900 buffer solutions (PF-1, 2, 3, 4; Kanto
Chemical Co., Inc. and RG; FUJIFILM Wako Pure Chemical
Corporation) were used as the mobile phase, and about 20 pl of
each sample was injected into the HPLC column. The 148 min
mode, outlined in the Hitachi LC110012 manual, was employed.

In vitro protein digestion rate

Supernatants obtained from the digesta after precipitation with
TCA were defined here as digestible fractions. The freeze-dried
digesta were reconstituted with Milli-Q water and subjected to
12% TCA precipitation. The supernatant was obtained by
centrifugation at 4°C, 2150 X g for 10 min and at 4°C, 12 000 X g
for 5 min. The in vitro protein digestion rate was defined as the
ratio of the IV content in the digestible fraction to the N content in
the entire lyophilised digesta. Thus, the NV content was corrected
for the N content of the blank sample

In vitro protein digestion rate(%) =

N digestible fractiongypes — N digestible fractionya,

x 100

N whole digestappes — N whole digestayq,

Statistical analysis

The JMP software (SAS Institute) was used for statistical analyses.
Data for free AA and in vitro protein digestion rate are expressed
as the mean (standard deviation). Differences between groups
were analysed by Welch’s ¢ test, and significance was set at
*P < 0-05, *P < 0-01 and ***P < 0-001.

Results
Photographic images

HM and IF were digested using the infant INFOGEST digestion
method, and the changes over time are shown in the
photographic images (Fig. 1). Curd aggregates were only
observed during the gastric digestion phase of IF. No aggregates
were observed in HM and IF during the intestinal diges-
tion phase.

SDS-PAGE

Protein band patterns during the infant INFOGEST digestion
were compared (Fig. 2). Bands derived from CN and whey
proteins were observed in the HM and IF before digestion, with
different patterns. The intensities of CN bands for both HM and IF
were lower in the gastric digestion phase, but no significant changes
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Fig. 1. Photographic images of human milk (HM) and infant formula (IF) during the infant INFOGEST digestion. The infant INFOGEST digestion assays were
independently conducted three times for HM and IF. The images are representatives of the three experiments. G, gastric digestion; I, intestinal digestion.
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Fig. 2. SDS-PAGE of human milk (HM) and infant formula (IF) during the infant INFOGEST digestion. The infant INFOGEST digestion assays were independently
conducted three times for HM and IF, where 50 pg of protein was resolved per lane. Samples were analysed under reducing conditions. The images are representatives
of the three experiments. CN, casein; G, gastric digestion; I, intestinal digestion; a-LA, a-lactalbumin; p-LG, p-lactoglobulin; M, molecular weight marker.

were observed in the other bands. In the intestinal digestion phase,
all bands derived from the high-MW (above approximately 10 kDa)
region disappeared, and smear-like bands were observed in the low-
MW (below approximately 10 kDa) region.

Molecular weight distributions

MW distributions were examined for HM, IF and their gastric and
intestinal digesta, by pooling the digesta of independent
digestion experiments and then subjecting them to the size-
exclusion chromatography (Fig. 3). Before digestion and during
the gastric digestion phase, fractions above 3000 Da were
dominant in both HM and IF. No remarkable differences were
observed in the proportions of molecules above 3000 Da
between the HM and IF. Before and after digestion, the
proportion of molecules ranging from 1001 to 3000 Da in IF
was higher than that in HM. HM had a higher proportion of
molecules below 300 Da before digestion compared with IF, and
the difference was maintained throughout the digestion phases.

Free aminoacid concentrations

The free AA concentrations during the infant INFOGEST
digestion are shown in Fig. 4. In the gastric digestion phase,
the free total and indispensable AA concentrations in HM were
significantly higher than those in IF. In contrast, no significant
differences were observed between HM and IF during the
intestinal digestion phase.

In vitro protein digestion rates

In vitro protein digestion rates during infant INFOGEST
digestion are shown in Fig. 5. Before digestion, HM had a
significantly higher in vitro protein digestion rate than IF. The
in vitro protein digestion rate during the gastric digestion
phase tended to be higher for HM than for IF, although the
difference was not significant. In contrast, the in vitro protein
digestion rate did not significantly change during the intestinal
digestion phase.
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Fig. 3. Molecular weight distributions of human milk (HM) and infant formula (IF) during the infant INFOGEST digestion. The infant INFOGEST digestion assays were
independently conducted three times for HM and IF. The obtained digesta were pooled and subjected to size-exclusion chromatography. G, gastric digestion; |, intestinal

digestion; figures following G or | indicate digestion time (min).
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Fig. 4. Changes in the amounts of (a) total amino acids (AA) and (b) indispensable AA in human milk (HM) and infant formula (IF) during the infant INFOGEST digestion.
The infant INFOGEST digestion assays were independently conducted three times for HM and IF. Data are shown as the means (standard deviations) (n 3). Differences
between groups were analysed using Welch’s t tests. ***P < 0-001. G, gastric digestion; |, intestinal digestion; figures following G or | indicate digestion time (min).

—e—, HM; —o—, IF.

Discussion

Differences in the protein components of HM and IF are
considered to affect protein digestibility. To clarify differences in
protein digestibility between HM and IF, an appropriate
evaluation method is required. Recently, an in vitro infant
digestion model that mimics the physiological digestion
conditions of infants was proposed by Menard et al.*?. This
study aimed to evaluate and compare the nutritional qualities of
HM and IF by subjecting HM and a commercial IF to the infant
INFOGEST digestion method, followed by comparison of the
protein digestibility using multiple directions.

Images of the gastric and intestinal digestion fluids derived
from HM and the IF at different time points were compared.
During the gastric digestion phase, no curd aggregates were
observed in HM, whereas aggregates were visible in IF. The
lower CN to whey protein ratio and higher #-CN to a;;-CN ratio in
HM reduce the size of its CN micelles which promote the

formation of soft and very fragile curds under acidic con-
ditions">?®, In addition, our study confirmed that IF forms a
harder curd than HM in the stomach of infants, which was also
found in previous studies®. The SDS-PAGE results indicated
that HM and IF showed limited protein degradation in the gastric
digestion phase. In contrast, protein degradation proceeded
rapidly in the subsequent intestinal digestion phase, and high
MW protein bands were rarely observed. These results are
similar to those previously observed during in vitro dynamic
simulations of HM digestion in full-term infants®” and IF
digestion in piglets®”. The MW distribution results before
digestion showed that the proportion of molecules below 1000
Da in HM was higher than in IF. This was probably due to the
higher amount of non-protein N-containing molecules in HM,
such as AA, short peptides and urea®3% In the intestinal
digestion phase, the proportion of molecules below 1000 Da
increased while that of molecules above 3000 Da rapidly
decreased for both HM and IF. This result was consistent with the
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concentration was set based on the enzyme level in the digestive
fluid collected from infants“”. The reaction time was set at 60
min for both the gastric and intestinal phases. The reaction time
for the gastric phase was based on the gastric emptying time in
full-term infants®>3%, whereas for the intestinal phase, it was set
in consideration of the contraction amplitude, propagation
speed of food passage and frequency of intestinal peristal-
(142 along with conducting i vitro experiments to verify the
length of the digestion time. Thus, in the infant model, digestive
capacity was set considerably weaker in both gastric and
intestinal phases compared with those in the adult model.
Notably, the difference in curd formation observed during the
gastric digestion phase, even though not significant, may have
led to the higher digestibility of proteins in HM than those in IF.

sis

356 Y. Komatsu et al.
100
<
£ 80
c
Re)
3 60
o
2
£
o}
S 40
%
2
s 20
£
0

G60 G60 G60
+ O+ +

pre G15 G30 G60
115 130 160

Fig.5. Changes in in vitro protein digestion rates of human milk (HM) and infant
formula (IF) during the infant INFOGEST digestion. The infant INFOGEST
digestion assays were independently conducted three times for HM and IF. Data
are shown as the means (standard deviations) (n 3). Differences between
groups were analysed using Welch’s ttests. *P < 0-05. G, gastric digestion; I,
intestinal digestion; figures following G or | indicate digestion time (min). —e—,
HM; —o—, IF.

rapid degradation of proteins with a larger MW in the intestinal
digestion phase, as determined by SDS-PAGE in the present
study. Free AA analysis showed that HM had significantly higher
concentrations of free total and indispensable AA before
digestion and in the gastric digestion phases compared with IF.
In the intestinal digestion phase, the concentrations of free AA
increased dramatically compared with the concentrations in the
gastric digestion phase for both HM and IF, with no significant
difference between HM and IF. This observation suggests that
both HM and IF proteins would be degraded to the same extent
into readily absorbed free AA during intestinal digestion in infants.

The infant INFOGEST model utilised in this study was
designed to mimic in vivo infant digestive conditions as closely
as possible. Digestive parameters, including pH of the reaction
system, the amount of digestive enzymes and the digestion
reaction time, were determined based on a comprehensive
review summarising previous physiological digestive conditions
in infants®®. Specifically, in the infant model, the pH of the
intestinal phase (6-6) was almost the same as in the adult model
(7-0), whereas the pH of the gastric phase in the infant model
(5-3) was set much higher than in the adult model (3-0). The pH
of the gastric phase in the infant model was calculated based on
the gastric emptying half-time (78 min), which was measured
from an in vivo experiment of infants®>3%, Pepsin activity, which
is known to vary greatly depending on pH, is maximal at pH 2.0,
whereas only approximately 10% of the maximal activity is
obtained at around pH 5-3 in the gastric digestion phase of the
infant model®”. Moreover, the pepsin concentration is only
about one-seventh of that in the adult digestion model. This was
calculated based on the enzyme activities in infant gastric
aspirates and the infant’s body weight®®*”. Trypsin, the primary
proteolytic enzyme in the intestinal phase, was added at only
about one-sixth of the amount in the adult model. This

This may be because curd formation partially prevents the access
of pepsin to the substrate, as previously demonstrated by a
dynamic digestion model“?. Finally, no difference in protein
digestibility was observed between HM and IF at the end of
gastrointestinal digestion in the multifaceted analyses. Using the
infant INFOGEST digestion method, the results of this study
suggest that HM and IF proteins would eventually be equally
digestible after gastrointestinal digestion. A study using mini-
piglet as a model demonstrated that the digestibility of individual
AA in HM and IF was similar at the ileal terminal, except for
threonine?. However, studies evaluating the protein digesti-
bility of HM and IF in vivo are scarce. Several studies have
investigated the in vivo digestion dynamics by aspirating digestive
fluids from the infant's digestive tract“>4®. In the future, such
techniques will likely elucidate a more detailed understanding of
the in vivo digestive dynamics of HM and IF in infants.

One limitation of this study was that only one type of
commercially distributed IF was tested. Still, this IF is a standard
formula with typical nutritional components (ingredients:
lactose, vegetable oil, bovine milk protein, starch. etc.) and
can be viewed as being rationally representing the characteristics
of HM substitutes. Future comparative studies between HM and
different types of IF are required. Another limitation was that the
digestive ability of infants increases with growth. Therefore, the
infant INFOGEST digestion method should be modified to
accommodate such changes, aiming to more accurately simulate
infant digestion. Recently, in vitro digestion models based on
gastric digestion in infants aged 1, 3 and 6 months were
proposed, and the digestion kinetics of skim milk were
reported”. Further studies that aim to improve the current
infant in vitro digestion method are required. It is also to be
noted that external factors might affect protein digestibility.
Specifically, the collection of HM was not sterile, potentially
leading to microbial proteolysis™®
also occur during defrosting. These factors cannot be completely
eliminated. Furthermore, considering that approximately 25 % of
HM is comprised of NPN“| the application of a conversion
factor 6:25 to the amount of N obtained by elemental analysis
could potentially lead to an overestimation of protein digesti-
bility. Thus, it is crucial to employ a multifaceted approach to
further compare protein digestibility. In this study, we used a
combination of analyses such as SDS-PAGE, MW distribution
and free AA analysis to ensure the certainty of protein
digestibility.

, and protein degradation may
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In conclusion, the infant INFOGEST method used in this
study confirmed that the protein digestibility of HM and IF
differed to some extent before digestion as well as after gastric
digestion, although their digestibility was similar after the
intestinal digestion phase. These differences between HM and
the IF may be critical, especially for infants with an immature
digestive capacity. Previous studies have shown that protein
dephosphorylation improves gastric clotting property and
gastrointestinal ~ digestibility in infant gastric models®?.
Applying such modification to IF would make their protein
digestibility significantly similar to that of HM.
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